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Executive Summary 
This paper describes a science research agenda toward improved probabilistic modeling and 
prediction of multiple breadbasket failure events and their potential consequences for global food 
systems. A “breadbasket” is defined as an agricultural production area in which one of the world’s 
three main cereal crops — rice, wheat, or maize — is grown. “Breadbasket failure” is defined as a 
major yield reduction in annual crop cycle of a breadbasket region where there is a potential impact 
on global food systems because: 
a) the production area is critical to global commodity trade;
b)  the area provides food for a significant proportion of the population at local, regional,  
national, or global scales;
c)  the area provides food such that a crop failure may have significant consequences in 
humanitarian, economic or political dimensions.
Gaps in the existing empirical foundation and analytical capabilities are highlighted together with 
general approaches to address these gaps. Improved capabilities will require fusion of diverse 
conventional and unconventional data sources, recent observations, and new suites of dynamic 
models capable of connecting agricultural outcomes to elements of the global food system. The  
goal of such improved capabilities is to provide better information concerning potential systemic 
risks to inform policies and decisions. 
INTRODUCTION AND BACKGROUND
A relatively small area of the world, 23 percent of total cropland, accounts for a large proportion 
of total global cereal production, with most of the area devoted to the production of the world’s 
three major cereal crops: maize (70.3 percent), wheat (69.3 percent) and rice (84.5 percent) (Food 
and Agricultural Organization of the United Nations, Statistics Division 2016). In a recent study of 
global hotspots of heat stress due to climate change, Teixeira et al. (2013) showed areas of Central 
Asia, East Asia, South Asia and North America (40–60 degrees N.), which include the major grain 
producing areas of the world, as being particularly vulnerable. The structure of globalized food 
systems, with major constrictions in trade flows and highly concentrated areas of the world’s food 
production, creates obvious vulnerabilities. Systematic evaluation of the likelihood of disruptive 
events in relation to each other and their potential impacts has not been done.
Several decades ago, before the distribution and consumption of the major cereal crops became 
globalized, the failure of any one of the major global breadbaskets would have been expected 
largely to affect the regions that immediately surrounded it. The global trade in agricultural goods 
was more restricted and slower than is the case today (Porkka et al. 2013). Over the past several 
decades, however, trade and distribution of many, if not most of the globally important crops (and 
other foods) have effectively become both global and rapid (Carr et al. 2013; MacDonald et al. 2015). 
This has had some obvious benefits in terms of consumer choice, and in terms of the rapidity with 
which the food distribution system can respond to changes in availability and price. But it also means 
that productivity failures in an important cereal producing region have implications that can spread 
rapidly, with potentially large, non-linear consequences.
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For this study we define “globally important breadbaskets” as those regions whose failure to produce 
would have important global consequences. Such regions have at least one of three characteristics:
¡		Regions that characteristically produce large amounts of grain for both domestic consumption 
and export. Commodity crop failure or significant yield reduction in such regions would impact 
global markets for grain, e.g. the U.S., Canada, Australia, and Russia for wheat (Figure 1).
¡		Production regions that contribute to the diets of many people, but are not strong exporters to 
global markets, e.g. India for rice or wheat, China for rice (Figure 2).
¡		Cereal production regions that are large contributors to the diets of people in parts of the world 
that are strategically important for other reasons, or whose failure could result in humanitarian, 
political or other crises, e.g. donor countries to food insecure regions around the world (Figure 3).
FIGURE 1. MAP OF TOP 10 GRAIN PRODUCING COUNTRIES (5 year average, 2012/2013 – 2016/2017)
Data Source: 5 year average from the USDA PS&D data (Courtesy Brian Barker, UMD).
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FIGURE 2. MAP OF TOP 10 GRAIN EXPORTING COUNTRIES (5 year average, 2012/2013 – 2016/2017)
Data Source: 5 year average from the USDA PS&D data (Courtesy Brian Barker, UMD).
FIGURE 3. MAP OF TOP 10 FOOD-AID DONOR COUNTRIES (2012)
Data Source: The International Food Aid Information System (INTERFAIS) database from WFP (Courtesy Brian Barker, UMD).
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Over the next several decades, four major drivers are likely to collide, putting pressures on the global 
food system that are potentially troubling. The food system is defined as the system by which food is 
delivered (or not) to every person every day. 
DRIVER #1: POPULATION GROWTH AND URBANIZATION
Global human population continues to increase, and is likely to reach somewhere between 9 and 10 
billion in mid-century, before it stabilizes (Lee 2011; United Nations 2015a). Most of this growth is 
projected in what is now the developing world, and it is accompanied by an increasing trend towards 
urbanization and affluence (Cohen 2006). More than half of today’s global population lives in cities, 
and this fraction is expected to continue to increase (United Nations 2015b). These developing 
countries are often challenged to be food self-sufficient and often rely on imported food to meet 
their national needs (Valdes and Foster 2012). Cereal imports to the Middle East and North Africa 
have increased markedly in recent years (Nigatu and Motamed 2015). 
DRIVER #2: INCREASING TRANSITION TO MEAT-BASED DIETS
With increasing global affluence, grain-based and locally-based diets tend to transition to diets that 
are more meat-based, have higher caloric content, and are quicker to prepare (Drewnowski and 
Popkin 1997). While this driver is not universal, it is extremely common in the developing world and 
seems to accompany economic development, as consumers’ time for food preparation becomes 
more valuable and scarcer, and as increasingly urban populations become more geographically 
distant from the resources that sustain them (Delgado 2003; Prentice 2006). To the extent that 
these dietary shifts rely on grain-fed animal products, their net effect is to magnify the demand for 
grains, i.e. the demand will grow more rapidly than population growth per se would suggest, which 
will put additional pressure on the global food system. 
DRIVER #3: CLIMATE CHANGE
The third driver is the continuing change in the physical climate system, driven for the most part 
by anthropogenic emissions of greenhouse gases. As the IPCC (2014) and many studies in the 
recent scientific literature have documented, there are substantial vulnerabilities of crop production 
systems to diminished 
agricultural productivity 
and yield losses as 
the climate continues 
to change, in spite 
of the direct positive 
effects of increases 
in atmospheric 
CO2 concentrations 
(Schlenker and Roberts 2009; Lobell and Field 2007; Elbehri, Elliott, and Wheeler 2015; Senthold 
Asseng, Foster, and Turner 2011; S. Asseng et al. 2015; Tubiello, Soussana, and Howden 2007; 
Long et al. 2006; Leakey et al. 2006; Leakey et al. 2009). Mechanisms are often crop-specific, and 
depend in large part on how extremes in climate (e.g. droughts, heat waves) are manifested. But 
“ ...if the world continues on a high GHG emissions pathway that fails 
to hold equilibrium warming to under 2 degrees C, there are almost 
no parts of the world where agriculture will be unaffected...”
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there is a strong consensus that parts of the world in which agriculture is already constrained by 
water availability or heat waves will become even more challenged by mid-century (Coumou and 
Rahmstorf 2012; Elliott et al. 2014; Hanjra and Qureshi 2010). Moreover, if the world continues on a 
high GHG emissions pathway that fails to hold equilibrium warming to under 2 degrees C, there are 
almost no parts of the world where agriculture will be unaffected, and agriculture in the developing 
world will be especially vulnerable (Parry et al. 2004).
A global study showed that recent droughts and extreme heat decreased national cereal production 
by 9-10 percent with a bigger impact in developed countries (Lesk, Rowhani, and Ramankutty 2016). 
With increasing global temperatures, we are likely to see an increase in the frequency of extreme 
weather events (IPCC 2014). The impact of extreme regional drought events in the last decade 
provides insights into the development and potential impacts of future extreme events, and on the 
resultant volatility in grain markets and perturbations in distribution. It should be noted, however, 
that the relationship between production variability and prices is not a simple one (Greenfield and 
Abbassian 2011). In the past, the impact of single drought events in one region could be reduced by 
normal or above average conditions in other regions. Similarly, the impacts of one bad year could 
potentially be ameliorated by reserve stocks and by a return to average conditions the next year. 
With an increased frequency of extreme events, there is the possibility of multiple regions being 
affected by drought in one year, and by continued drought events in the following years. 
DRIVER #4: INCREASED TRADE, GLOBALIZATION, AND MERGING OF AGRICULTURAL 
COMMODITY MARKETS
In the past couple of decades, previously independent trading systems for each major global grain 
commodity have merged as deregulation and intensified global trade stream consolidation has reduced 
the extent to which one commodity may be used to hedge another. Today, food systems are highly 
optimized for efficiency in peacetime under relatively stable environmental conditions. However, the 
impact of increased trade liberalization on long-term food system resilience remains unknown.
Trade can impact the price of agricultural commodities in a multitude of ways. In the long run, 
increased trade tends to lower prices globally and possibly price volatility as well. However, under 
some conditions, for example when domestic consumption policies have large effects on other 
regions, global price volatility can increase. And while global prices might decline, the same is 
not necessarily true in local markets. In competitive markets, production should be allocated to 
geographies where it is most suited and the costs of production are low. As trade grows, one would 
also expect the allocation of production to the most suitable places to grow as well.
Core breadbaskets are typically characterized by lower production volatility. Less volatility suggests 
overall greater system resilience due to lower risk of supply interruption and greater flexibility 
through trade. That said, as trade continues to increase, breadbaskets become more concentrated, 
with a possible reduction in resiliency. These core production centers could be hit by an irregularly 
occurring hazard.
For short-run market phenomena, more trade means more inter-dependency among trading partners. 
More trade and more trading partners leads to increased overall diversification and higher resilience 
to absorb local production shocks. However, a system with a large number of trading partners appears 
more volatile when a systemic risk hits the network. For example, during the last food price crisis a 
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multitude of countries — including Argentina, Russia and Thailand — simultaneously closed their 
borders for food exports while many countries with idle production resources could not leverage their 
own supply capacities early enough, leading to a marked price spike.
The impact of trade on food system resilience is not fully understood, and it remains a focal area to 
be explored by the research agenda moving forward.
This paper is a synthesis of a workshop and current research in which the authors have sought to lay 
out a research agenda that explores the most potentially damaging consequences of the intersection 
of these drivers .
SCOPING OF THE RESEARCH AGENDA
The research agenda we propose in this paper explores the potentially damaging consequences 
of the intersection of the drivers discussed above. In our view, the problems of most concern are 
threefold:
¡		What would be the regional/global impacts of simultaneous and successive failures of crop 
production in the major grain producing regions of the world?
¡		What are amplifiers and mitigation elements of risks associated with such events, which are 
subject to change in the future?
¡		What are (proactive) policy measures to increase the robustness of a global food system subject 
to such large-scale shocks?
In order to understand where research priorities should be assigned, we use a classical definition of risk:
Risk  =  Magnitude of Impact  x  Probability of Occurrence
A research agenda is, therefore, required to primarily address four things:
1.   Evaluate the likelihood of occurrence of such events;
2.   Assess the potential impacts of multiple breadbasket failure as they ripple through both food 
and energy systems;
3.  Quantify the risks associated with the failure of multiple breadbaskets; and
4.  Explore the scientific foundation of potential interventions and solutions to ameliorate the risk.
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To address the four primary componets of the research agenda, we have identified the following 
over-arching features that will serve as important guidelines: 
A focus on globally important risks   
We are primarily interested in risks that are globally important; i.e. that are large enough, persistent 
enough, or frequent enough that they pose significant difficulties for significant numbers of people 
(“Global Risks 2016” 2016). This definition does not imply that the underlying phenomena must 
be global — it explicitly recognizes that global risk may be a consequence of regionally significant 
or regionally ephemeral phenomena. It also recognizes that there is a relatively small number of 
regions which produce the bulk of the grain for the global markets but we are not primarily laying out 
a research agenda for understanding short-term, regional events. Such events are clearly important, 
but they are already the focus of many important programs, such as the Famine Early Warning 
System Network (USAID FEWS NET) and the Agricultural Market Information System (AMIS) (Ross 
et al. 2009; Verdin et al. 2005; AMIS 2015). We are more concerned with larger systemic risks, even 
if they originate on a regional basis (Helbing 2013; Haldane and May 2011).
A focus on biophysical shocks that may be able to be forecast through continuous monitoring  
and early warning systems   
The shocks of primary interest that result in crop failure are generally natural [biophysical], i.e. those 
that are an integral part of the food production system that goes awry, e.g. large and persistent 
regional droughts, heat waves, other extreme weather events, or pest and pathogen epidemics. 
These shocks should in principle be amenable to research that builds a predictive capacity. 
They should also be amenable to being forecast through early warning systems, and continuous 
monitoring programs, as they develop. However, we are currently unable to predict future extreme 
climate events across breadbaskets with any accuracy.
We recognize that there are also 
human-driven shocks, driven by 
policy or societal actions that 
may occur, e.g. creation of large 
biofuel markets from crops, which 
can help drive up food prices 
globally through price changes in 
the transport fuel market. These 
shocks and ripple effects through 
seemingly unrelated markets 
may be inherently unpredictable, 
although their consequences become ex post measurable. Management of such risks originating 
from risk-enhancing policies can best be informed by anticipative scenario analysis of appropriate risk 
abatement measures (e.g. grain storage).
Research that provides the scientific foundation underlying effective policy interventions that 
reduce the risk of multiple breadbasket failure   
We are interested not only in understanding the risks that potential multiple breadbasket failure may 
present, but also in the underlying research that can inform effective interventions to either avoid 
those collapses, or recover from them more rapidly. The research agenda needs to diagnose and build 
understanding of the causes, consequences, and likelihoods of multiple breadbasket failure, but it 
must also be effective in providing the underpinning for policy interventions that reduce the risk of 
“ The research agenda needs to diagnose and build 
understanding of the causes, consequences, and likelihoods 
of multiple breadbasket failure, but it must also be effective 
in providing the underpinning for policy interventions that 
reduce the risk of occurrence and mitigate its consequences.”
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occurrence and mitigate its consequences. Understanding that the risks extend beyond simply changes 
in the food system, and may involve effects that ripple through other sectors, is crucial in this respect.
Research that is multi-disiplinary, transparent, and directed toward improving the resiliency of the 
food system and societies in case of unavoidable shocks triggering multiple breadbasket failures  
We argue that research must be directed towards improving the resiliency of the food system and 
society to such shocks (Suweis et al. 2015; UK-US Taskforce on Extreme Weather and Global Food 
System Resilience 2015). We define resilience in this case as actions that reduce the probability of 
multiple breadbasket failure, reduce the magnitude of the effects if such failure occurs, or reduce 
the time it takes for society to recover. In this way, we believe that the concept of resilience can be 
operationalized, at least for this particular topic. Importantly, we also argue that such research must 
involve investigation in the decision and behavioral sciences and economics as much as it must 
integrate advancements in the physical, biological, chemical, and ecological sciences. Data and 
information must be effectively managed, and transparently available to all important stakeholders 
(Zaks and Kucharik 2011; Carollo et al. 2009).
Core Research for Evaluating the Risk of Multiple 
Breadbasket Collapse
As discussed above, we have used a classical definition of risk to establish the four major areas that 
most need additional research in order to establish a firmer foundation for understanding the risks of 
multiple breadbasket collapse, and for the science that should underlie potential policy interventions. 
These are explored in turn below.
EVALUATING THE LIKELIHOOD OF OCCURRENCE
The research agenda to explore MBBF should be grounded in the current baseline food system with 
its patterns of agricultural production, distribution, stockpiling and trade — but with an understanding 
that the system is dynamic, e.g. due to changing supply and demand and associated market forces. 
Recent trends to increase agricultural productivity are likely to continue, and the current distribution 
and productivity of agricultural land are likely to undergo change related to the availability of water 
for irrigation and a changing climate (Nelson et al. 2014). As a result, research that develops future 
scenarios will be needed to model agricultural land use change dynamically.
Understanding how regional extreme climate events happen will require an understanding of global 
weather patterns and processes, and retrospective analysis of meteorological data (Easterling et al. 
2000; Coumou and Rahmstorf 2012). Different global and mesoscale processes impact different 
regions. For example, the El Nino Southern Oscillation (ENSO) can have agricultural drought impacts 
in South and Eastern Africa, Central America, and Southeast Asia, depending on the its strength and 
timing. In North America and Eurasia, agricultural droughts are associated with static high pressure 
systems and the position of the jet stream (Ropelewski and Halpert 1989). Understanding the 
different underlying synoptic conditions that result in regional drought, how droughts develop, and 
whether there are any trends in frequency of occurrence or teleconnections will provide important 
input to this study.
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Analysis of agricultural statistics will also be needed to understand the impact of recent past 
extreme events of different extent and severity on agricultural production and to identify production 
areas and timing for which the impact of severe drought would be the greatest. Analysis of the 
statistical probability of simultaneous and successive events will be needed to explore the likelihood 
of occurrence.
However, with a changing climate, the past is not necessarily a good predictor of the future. We are 
already experiencing increased climate variability, which is changing our view of normal conditions, 
and climate change is resulting in changes in agricultural land use (Thornton et al. 2014; Mendelson 
2011). It is now quite clear that the frequency of heat waves and drought events is very likely to 
increase in a warming world (IPCC 2014; Melillo, Richmond, and Yohe 2014). Further, the National 
Academy of Sciences has concluded that there are clear links between increased frequency of 
extreme agrometeorological events, such as heat waves and drought events, and anthropogenic 
climate change (National Academies of Sciences, Engineering, and Medicine 2016). Studies of 
how the probabilities of these events will change in future decades will require both an emphasis 
on understanding interannual climate variability and an examination of spatial and temporal 
downscaling methods for translating global changes in physical climate to regional specificity.
ASSESSING THE POTENTIAL IMPACTS
Potential impacts of multiple breadbasket failure can be estimated both empirically and through 
the use of models. Empirical, historical studies provide important insights into how the system 
as currently structured functions in the face of productivity shocks. These studies also provide 
important information about how the food system per se is linked to other important systems, e.g. 
the energy system or the transportation sector, or to other kinds of impacts, such as civil unrest.
The most obvious impacts of recent productivity failures are increases in food prices, and for failures 
that are large or persistent enough, actual food shortages. The impact of intense regional drought 
in Russia and the Ukraine in 2010, for example, contributed to a 27 percent increase in global wheat 
prices. So aside from a strict focus on food supply, it is immediately clear that we must consider the 
food system’s interactions with economic systems, both domestically and internationally. Similarly, 
the rapid introduction of a large demand for maize through new U.S. policies promoting ethanol 
production resulted in upward pressure on maize prices globally (Roberts and Schlenker 2013).  
The latter shows the potential strengths of interactions with both energy and transportation sectors, 
and the need to understand such “knock-on” or “ripple effects.”
Food commodity price shocks impact different countries — and consumers in rural and urban 
settings — in different ways, depending on their net food trade and the share of household spending 
on food commodities (Halle 2016). The interactions of failures in crop production and associated 
food price increases with social and political unrest are of particular interest. Food shortages have 
long been associated with civil unrest and an impact of global shortages (UK-US Taskforce on 
Extreme Weather and Global Food System Resilience 2015). Social unrest in Morocco, Bangladesh, 
Egypt, and Indonesia was associated with the 2007–2008 food price increases (Halle 2016). The 
impact of food shortages will vary by country, with wealthier nations being more resilient to price 
volatility (Halle 2016). Food price increases will have a disproportionate effect on food insecure 
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countries that are dependent on foreign imports (Figure 4) and will inevitably lead to greater 
hardship especially for those chronically food insecure countries which rely on routine food aid 
(Gustafson 2013) (Figure 5). It should be noted that countries already experiencing civil unrest 
may be more susceptible to food riots. Persistent multi-year drought in the Sahel in the 1970s lead 
to widespread food shortages and famine within the region, resulting in mobilization of substantial 
international relief efforts (Batterbury and Warren 2001).
FIGURE 5. MAP OF TOP 10 FOOD-AID RECIPIENTS (2012)
Data Source: The International Food Aid Information System (INTERFAIS) database from WFP (Courtesy Brian Barker, UMD).
FIGURE 4. MAP OF TOP 10 GRAIN IMPORTING COUNTRIES (5 year average, 2012/2013 – 2016/2017)
Data Source: 5 year average from the USDA PS&D data (Courtesy Brian Barker, UMD).
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The current food system also has important information embedded within it about the strategies 
used by countries, international organizations, and the private sector to respond to productivity 
failures. For example, grain stocks provide a buffer for bad years of crop production (Bobenrieth, 
Wright, and Zeng 2012). However, grain storage has a limited lifespan, and there is considerable 
year-to-year variation. With persistent shortfalls in production, stocks can become depleted and no 
longer an option in mitigating reduced grain supply.
When governments of grain-producing countries impose trade restrictions and export bans in 
response to domestic food shortages, they can exacerbate a global food shortage, especially for 
countries dependent on foreign grain supply for food security (Porkka et al. 2013). 
Given rapid globalization and the change in demand in recent years, analysis of trade-flows and 
modeling of scenarios of supply and demand will be needed (D’Odorico et al. 2014).
Monitoring and data analysis of known productivity shocks, and their consequences for multiple 
systems, is therefore a high priority. Better data and more sophisticated analysis is needed for areas 
including: analysis of trade-flows, mismatches of supply and demand, the strength of the economic 
response to productivity shocks, the role of stockpiles, and the effectiveness (or unanticipated side-
effects) of response strategies.
A major challenge is that the food system of future decades is unlikely to look and behave exactly as 
today’s food system does — similar to the novel characteristics expected of the climate regime of the 
future. We have already outlined the major reasons for this: population growth, dietary shifts, climate 
change, and continued economic globalization. But because the system itself is changing, along 
with the demands and stresses on it, 
the research agenda must incorporate 
a strong modeling component so that 
future sensitivities and responses can 
be evaluated.
For example, linking agricultural 
production models with climate 
models provides a means to 
investigate agricultural production 
under a changing climate with 
projected changes in precipitation and 
temperature. There is a long tradition of such studies (IPCC 2014; Rosenzweig et al. 2013). The 
crop production models themselves differ considerably, and intercomparison of their results under 
different climate scenarios is relatively recent (Nelson et al. 2014; Rosenzweig et al. 2014). Similarly, 
the inclusion of extreme events in global climate, agricultural, and economic models is an area of 
ongoing research and development.
Existing production models based on biological and climatic factors need to be augmented with 
models that can describe the dynamics of economic aspects of the food system under current and 
future conditions.
Models that are capable of doing this include those that focus primarily or only on the agricultural 
sector (Antle et al. 2015; Rosegrant et al. 2012). However, understanding the ways in which the 
“ New models are needed that incorporate other sectors 
that impact the performance of the food sector, including 
investment in agricultural infrastructure, the financial 
system, and the changing behavior of decision-makers  
as they learn and adapt to new conditions.”
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food system interacts with other economic sectors, e.g. energy or transportation, will require a new 
suite of models that are specifically designed to simulate such linkages. Some of the new Integrated 
Assessment Models (e.g. GCAM and EPPA) are capable of simulating interactions between 
agriculture and land use sectors and the energy sector, especially with respect to land-use allocation, 
food prices and demand, and terrestrial carbon emissions from land-use change (Kim et al. 2006; 
Paltsev et al. 2005). Simulations of simultaneous impacts among multiple crops and/or multiple 
regions have mostly not been done, but such scenarios of stresses are important to formulate so 
that the models can provide some understanding of the potential impacts of multiple failures (Stern 
2016; Farmer et al. 2015).
New models are needed that incorporate other sectors that impact the performance of the food 
sector, including investment in agricultural infrastructure, the financial system, and the changing 
behavior of decision-makers as they learn and adapt to new conditions. Simulations of adaptation 
to climate change in the agricultural system, for example, are beginning to emerge, but new models 
will need to add value to the existing modeling infrastructure. Better treatment of data uncertainties, 
structural uncertainties, interactions among individual decision agents, and non-linearities, all need 
more attention in new models. Systems dynamics models, agent-based models, and hybrid models 
all have potentially important roles to play.
Model development, however, is only one part of assessing potential impacts in the food system 
and associated sectors. Because actual predictions of the frequency and magnitude of stresses 
are beyond our current capabilities, there is a strong need for the construction and application of 
appropriate scenarios for both the evolution of the food system, its governance, and demographic 
and climate stresses on the food system to quantify the relative contributions of risk drivers and 
adaptive capacities (Leclère et al. 2014).
QUANTIFYING THE RISKS
Many approaches are used to assess the likelihood of future events but all depend on three factors: 
event typologies that allow categorization of events of interest, data regarding the occurrence of 
such events in the past, and models that can be used to evaluate our understanding of the dynamics 
of the events in question. The frame described in this paper sets the scope of any analytical research 
agenda to include weather-related agricultural production shocks, such as heat waves occurring at 
crop flowering (anthesis), droughts that may or may not be primarily related to weather (e.g., the 
construction of an upstream dam may change vulnerabilities of extensive downstream production 
areas), and changes in crop condition or performance crucial to national production. Breadbasket 
failure, as defined by this paper, necessarily has impacts that can move risk profiles related to food 
availability and price, and can and does often move other categories of risk profiles, e.g., civil unrest, 
infrastructure choke points, or financial markets. These categories of risks to business were recently 
enumerated, using a qualitative “extreme but plausible” scenario published by Lloyd’s of London 
(Maynard 2015; Lunt et al. 2016) and a recent report linking environmental stresses to sovereign risk 
via food price (Halle 2016).
This, and other evidence of uncharacterized risk — and obvious links between food prices and 
political stability, including the advance of non-state terror groups — has highlighted the need 
for new approaches to expand our understanding of the far-reaching implications of physical 
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shocks. We recognize that improved analytical methods and better use of both conventional and 
unconvential data may be essential to generate useful probability forecasts of risk of a breadbasket 
failure and a wide array of associated outcomes.
A recent example, considered an intelligence failure and a prompt for further investment in improved 
analytic methods, was the failure to recognize the potential impacts of drought and high food prices 
in Syria immediately preceding the current civil war (Kelley et al. 2015). Some analysts had been 
warning of the danger of large scale migration, but the broader community overlooked the links 
between infrastructure (the construction of a dam in Turkey to support agricultural self-sufficiency) 
and an extreme weather event in Syria (a drought that co-occurred with a global food price spike), 
with what has become a protracted civil war with extensive civilian casualties. Further impacts of the 
conflict include the worsening European migration crisis of 2015, extensive political and diplomatic 
ramifications, and the rise of ISIL.
Risk valuation of hazards through decision-relevant modeling for risk-avoidance, resilience 
investment, and governance is available for many plausible natural disasters excluding shocks 
to the food system. The United Nations Office for Disaster Risk Reduction (UNISDR) Global 
Risk Assessment (GRA) is a probabilistic, open access global multi-hazard risk model with the 
purpose to estimate country-level risks and inform decision-making. To identify and value the 
emergence of risks in the food system, models like the GRA would require incorporation of crop 
modeling, production hazards (e.g. drought) and associated commodity price modeling. From 
these components the cumulative production losses could be valued, including food insecurity 
expressed as response cost relative to household income. Further evaluation of systemic risk and 
global interactions would require understanding and modeling the full structure of the food system, 
including stocks, distribution, infrastructure, storage, consumption, and financing.
One important step in improved analysis of risk that originates in or is amplified by multiple 
breadbasket failure will be the proposal and evaluation of loss thresholds by region and commodity 
that may guide responses of a wide array of types. USAID’s FEWS NET has established globally-
networked early warning systems for potential onset of famine that depend on systematic within-
season monitoring and regular assessment with public report. But this commitment does not extend 
beyond countries directly at risk. The 
G20+ countries have established the 
Agricultural Market Information System 
(AMIS) to address early warning for 
the major producer countries and 
price volatility in the globally-traded 
major commodities, but this group 
does not currently address issues 
beyond the major commodity markets. 
The opportunity to build on these 
efforts toward more comprehensive, 
probability-based and decision-relevant reflections of risk of breadbasket failure will depend on  
a) the systematic identification of grain-producing regions according to the more inclusive functional 
criteria above; b) the spatially explicit identification of threshold points: specific points of yield 
reduction below which effects become relevant, either through food prices or direct impacts on 
availability; c) the application of fit-for-purpose models drawn from a variety of sources, confronted 
“ ...an important body of work will involve systematically 
detailing the ways in which policy, infrastructure issues, 
conflict, increasing population, urbanization or affluence 
can affect food system shocks.”
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regularly with data regarding both the extent of extreme events and their frequency. Finally, an 
important body of work will involve systematically detailing the ways in which policy, infrastructure 
issues, conflict, increasing population, urbanization or affluence can affect food system shocks.
ESTABLISHING THE SCIENTIFIC FOUNDATION OF 
POTENTIAL INTERVENTIONS
There have been a number of global food crises in recent history that were sufficiently serious to 
warrant international response. Following the 1972-1974 Food Crisis, a number of international 
institutions addressing aspects of the global food system were strengthened (Headey and Fan 
2008). In response to crop shortfalls in 2010/2011 following global price spikes in 2007/08, the 
need for an enhanced international intervention to reduce price volatility and the negative impacts 
of regional crop failure was recognized. The AMIS Rapid Response Forum was created in 2012 to 
promote early information exchange, discussion on crisis prevention, responses among policy-
makers, and to assist in mobilizing wide and rapid political support for appropriate policy response 
and actions on issues affecting agricultural production and markets in times of crisis (AMIS 2015). 
A critical component of any response to intervention is the need for transparent monitoring and 
early warning of major shortfalls in production or crop failure. An international initiative for global 
agricultural monitoring in the framework of the Group on Earth Observations (GEOGLAM) was 
also endorsed by the G20 Agricultural Ministers in 2011, to provide an international consensus on 
crop conditions with a monthly reporting (Crop Monitor) for major producing countries, and more 
recently for early warning for countries at risk (Whitcraft, Becker-Reshef, and Justice 2015).
Under a MBBF scenario, international efforts would be needed to help direct global food supplies 
in order to avoid potential widespread humanitarian disasters. The World Food Program (WFP) 
is the international agency currently responsible internationally for coordinating food distribution 
based on humanitarian need, with a focus on mobilization of timely interventions in vulnerability 
hotspots. However, the WFP is frequently and significantly under-resourced to meet the current 
food shortages. Headey and Fan (2008) suggest a number of creative ways to improve markets and 
trade to help mitigate future food crises, for example by formalizing grain reserve arrangements, 
developing a more secure international trade regime, and establishing binding agreements between 
a small set of grain traders.
There are a number of ways to strengthen agricultural systems to be more resilient to mitigate 
against extreme events. For example, at the local scale and over a period of time, farmers could build 
resilience to drought conditions through soil improvements and greater use of drought resistant 
crop varieties (Fisher et al. 2015). However, under severe drought conditions, failure of rainfed crops 
is inevitable, regardless of the variety. Disaster relief insurance could provide a mechanism to build 
resilience for the farmer against periodic shortfalls in production but widespread catastrophic crop 
failure would present a major challenge for the insurance industry (Maynard 2015).
As part of a strategy to mitigate price increases, there have been a number of suggestions to 
strengthen national safety nets, particularly in developing countries, to increase food security and 
protect farmers and communities from adverse impacts of global price increases (see especially 
Demeke, Pangrazio, and Maetz 2008).
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Irrigation potentially provides an opportunity to increase crop yields and provides a buffer against 
a lack of rainfall. Currently 20 percent of agricultural land is under irrigation globally, accounting 
for 40 percent of the global food supply (AQUASTAT 2016). The amount of irrigated land is at an 
all-time high and expansion has slowed in recent years (Food and Agricultural Organization of the 
United Nations, Statistics Division 2016). Provided there is sufficient upstream reservoir storage or 
groundwater, crops can be produced under drought conditions for a period of time. However, this 
draw down of stored water cannot be sustained indefinitely. Groundwater is regularly overused 
to support irrigated agriculture in many regions of the world. As groundwater storage declines, 
competition between users increases and drives up costs and regulatory burdens. More efficient 
irrigation systems are readily available and should be considered.
LONGER-TERM MITIGATION — ADAPTATION TO 
DROUGHT?
Helping countries become food sufficient might reduce national expenditure and the dependence 
on foreign imports, distribute the risk of crop failure, and reduce the importance of the international 
breadbaskets in the global market. This would be very much in line with the call for achieving food 
security and promoting sustainable agriculture in the UN Sustainable Development Goal #2 (Griggs 
et al. 2013) and is clearly a priority for developing nations, for a number of reasons. One clear avenue 
to increase regional food system resilience would be through the systematic reduction of food waste 
through the entire supply chain. Similarly, reliance on more local sources of food would further 
reduce the dependence on the international breadbaskets. But there are potentially significant 
tradeoffs in terms of land-use and national expenditures if every country were to attempt to become 
self-sufficient in food, rather than becoming more embedded in a global distribution system that 
becomes more efficient over time.
The current global food system relies upon a variable distribution of compensatory processes in space 
and time, with a shortfall in one area being compensated for by a bumper crop in another, or a bad crop 
one year in a particular region being followed by a good crop the next. However, under the scenario of 
a persistent MBBF, these mechanisms are likely to fail, requiring a more proactive approach to build 
resilience across the food system. Developing a realistic modeling framework to explore the impact of 
interventions in the global food supply under different scenarios of regional crop failure would provide 
a tool to inform both global and regional decision making processes (Vervoort et al. 2014).
 
 
Conclusions
In our analysis of the challenge of responding to multiple breadbasket failures, there are many 
factors that are simply not known, or not known well enough to underpin effective policy and 
operational responses. The likelihood of such failures occurring due to extreme weather events, 
and the degree to which those probabilities might change as the climate system continues to shift, 
are major features that require much better quantification. The magnitude of the impact of recent 
extreme events on agricultural productivity can be documented on a case-by-case basis, but the 
underlying processes that determine the sensitivity of productivity to future and more persistent 
shocks is poorly modeled. The potential compensatory processes within the food system (e.g. 
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how storage is used or the effectiveness of trade) are not well understood, and need much better 
quantification. The monitoring systems for the current food production system, analysis of the policy 
response options to price increases of different magnitudes, and the ability to simulate multiple 
future scenarios are crucial and will 
require significant investment.
These features will remain poorly 
known without major support 
for targeted research on each 
topic. In addition, there must be 
investigations of the entire food 
system using integrated monitoring 
and modeling techniques, so 
that we can gain a system-level 
understanding of the risks and potential consequences of multiple breadbasket failures. Mounting 
such an effort will require the collaborations of climate scientists, agronomists, ecologists, remote 
sensing experts, economists, political scientists and decision-makers on a scale that is difficult - but 
altogether necessary given the size and potential consequences of the risk. We call for a coordinated 
post-disciplinary research agenda to understand the likelihood and the potential impacts of a 
multiple breadbasket failure on the global food system, and to identify measures that might be taken 
to ameliorate the potentially devastating consequences. 
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that we can gain a system-level understanding of the risks 
and potential consequences of multiple breadbasket failures.”
Th e  R i s k s  o f  M u l t i p l e  B re a d b a s ke t  Fa i l u re s  i n  t h e  2 1 s t  Ce n t u r y :  A  S c i e n c e  Re s e a rc h  A g e n d a
P A R D E E  C E N T E R  R E S E A R C H  R E P O R T      |      M A R C H  2 0 1 7      |  P A G E  1 7
References
AMIS. 2015. “The AMIS Rapid Reponse Forum: Concept Paper.” http://www.amis-outlook.org/
fileadmin/user_upload/amis/docs/Rapid_Response_Forum_4/AMIS_RRF_concept_paper_-_
agreed_at_2013_RRF-_amended_December_2015.pdf.
Antle, John, Roberto Valdivia, Kenneth Boote, Sander Janssen, James Jones, Cheryl Porter, Cynthia 
Rosenzweig, Alexander Ruane, and Peter Thorburn. 2015. ““AgMip’s Transdisciplinary Agricultural 
Systems Approach to Regional Integrated Assessment of Climate Impacts, Vulnerability, and 
Adaptation.” In Handbook of Climate Change and Agroecosystems, 27–44.
AQUASTAT. 2016. “AQUASTAT - FAO’s Information System on Water and Agriculture.” FAO. 
Accessed September 16. http://www.fao.org/nr/water/aquastat/didyouknow/index3.stm.
Asseng, S., F. Ewert, P. Martre, R. P. Rötter, D. B. Lobell, D. Cammarano, B. A. Kimball, et al. 2015. 
“Rising Temperatures Reduce Global Wheat Production.” Nature Climate Change 5 (2): 143–47. 
doi:10.1038/nclimate2470.
Asseng, Senthold, Ian Foster, and Neil C. Turner. 2011. “The Impact of Temperature Variability on 
Wheat Yields.” Global Change Biology 17 (2): 997–1012. doi:10.1111/j.1365-2486.2010.02262.x.
Batterbury, Simon, and Andrew Warren. 2001. “The African Sahel 25 Years after the Great Drought: 
Assessing Progress and Moving towards New Agendas and Approaches.” Global Environmental 
Change, The African Sahel, 11 (1): 1–8. doi:10.1016/S0959-3780(00)00040-6.
Bobenrieth, Eugenio, Brian Wright, and Di Zeng. 2012. “Stocks-to-Use Ratios and Prices as  
Indicators of Vulnerability to Spikes in Global Cereal Markets.” Agricultural Economics 44.  
doi:10.1111/agec.12049.
Carollo, Cristina, Dave J. Reed, John C. Ogden, and David Palandro. 2009. “The Importance of Data 
Discovery and Management in Advancing Ecosystem-Based Management.” Marine Policy 33 (4): 
651–53. doi:10.1016/j.marpol.2009.01.005.
Carr, Joel A., Paolo D’Odorico, Francesco Laio, and Luca Ridolfi. 2013. “Recent History and 
Geography of Virtual Water Trade.” PLOS ONE 8 (2): e55825. doi:10.1371/journal.pone.0055825.
Cohen, Barney. 2006. “Urbanization in Developing Countries: Current Trends, Future Projections, 
and Key Challenges for Sustainability.” Technology in Society, Sustainable Cities, 28 (1–2): 63–80. 
doi:10.1016/j.techsoc.2005.10.005.
Coumou, Dim, and Stefan Rahmstorf. 2012. “A Decade of Weather Extremes.” Nature Climate Change 
2 (7): 491–96. doi:10.1038/nclimate1452.
Delgado, Christopher L. 2003. “Rising Consumption of Meat and Milk in Developing Countries Has 
Created a New Food Revolution.” The Journal of Nutrition 133 (11): 3907S–3910S.
Demeke, Mulat, Guendalina Pangrazio, and Materne Maetz. 2008. “Country Responses to the Food 
Security Crisis: Nature and Preliminary Implications of the Policies Pursued.” Rome, Italy: Food and 
Agriculture Organization of the United Nations. http://www.fao.org/fileadmin/user_upload/ISFP/
pdf_for_site_Country_Response_to_the_Food_Security.pdf.
Th e  R i s k s  o f  M u l t i p l e  B re a d b a s ke t  Fa i l u re s  i n  t h e  2 1 s t  Ce n t u r y :  A  S c i e n c e  Re s e a rc h  A g e n d a
P A R D E E  C E N T E R  R E S E A R C H  R E P O R T      |      M A R C H  2 0 1 7      |  P A G E  1 8
D’Odorico, Paolo, Joel A. Carr, Francesco Laio, Luca Ridolfi, and Stefano Vandoni. 2014. 
“Feeding Humanity through Global Food Trade.” Earth’s Future 2 (9): 2014EF000250. 
doi:10.1002/2014EF000250.
Drewnowski, Adam, and Barry M. Popkin. 1997. “The Nutrition Transition: New Trends in the Global 
Diet.” Nutrition Reviews 55 (2): 31–43. doi:10.1111/j.1753-4887.1997.tb01593.x.
Easterling, David R., Gerald A. Meehl, Camille Parmesan, Stanley A. Changnon, Thomas R. Karl, and 
Linda O. Mearns. 2000. “Climate Extremes: Observations, Modeling, and Impacts.” Science 289 
(5487): 2068–74. doi:10.1126/science.289.5487.2068.
Elbehri, A., J. Elliott, and T. Wheeler. 2015. “Assessments of Climate Change Impacts on Global-Food 
Productivity and Implications for Food Security and Trade: Key Messages and Recommendations.” 
In Climate Change and Food Systems: Global Assessment and Implications for Food Security and Trade. 
Rome: Food and Agriculture Organization of the United Nations (FAO).
Elliott, Joshua, Delphine Deryng, Christoph Müller, Katja Frieler, Markus Konzmann, Dieter Gerten, 
Michael Glotter, et al. 2014. “Constraints and Potentials of Future Irrigation Water Availability on 
Agricultural Production under Climate Change.” Proceedings of the National Academy of Sciences 111 
(9): 3239–44. doi:10.1073/pnas.1222474110.
Farmer, J. Doyne, Cameron Hepburn, Penny Mealy, and Alexander Teytelboym. 2015. “A Third 
Wave in the Economics of Climate Change.” Environmental and Resource Economics 62 (2): 329–57. 
doi:10.1007/s10640-015-9965-2.
Fisher, Monica, Tsedeke Abate, Rodney W. Lunduka, Woinishet Asnake, Yoseph Alemayehu, and 
Ruth B. Madulu. 2015. “Drought Tolerant Maize for Farmer Adaptation to Drought in Sub-Saharan 
Africa: Determinants of Adoption in Eastern and Southern Africa.” Climatic Change 133 (2): 283–99. 
doi:10.1007/s10584-015-1459-2.
Food and Agricultural Organization of the United Nations, Statistics Division. 2016. “FAOSTAT.” 
Accessed September 16. http://faostat3.fao.org/home/E.
“Global Risks 2016.” 2016. Global Risks 2016. Accessed April 1. http://wef.ch/1QfL09i.
Greenfield, Jim, and Abdolreza Abbassian. 2011. “Chapter 22: Strengthening Global Food Market 
Monitoring.” In Safeguarding Food Security in Volatile Global Markets, edited by Adam Prakash.  
Rome, Italy: Food and Agriculture Organization of the united Nations (FAO).
Griggs, David, Mark Stafford-Smith, Owen Gaffney, Johan Rockström, Marcus C. Öhman, Priya 
Shyamsundar, Will Steffen, Gisbert Glaser, Norichika Kanie, and Ian Noble. 2013. “Policy: Sustainable 
Development Goals for People and Planet.” Nature 495 (7441): 305–7. doi:10.1038/495305a.
Gustafson, Daniel J. 2013. “Rising Food Costs & Global Food Security: Key Issues & Relevance for 
India.” The Indian Journal of Medical Research 138 (3): 398–410.
Haldane, Andrew G., and Robert M. May. 2011. “Systemic Risk in Banking Ecosystems.”  
Nature 469 (7330): 351–55. doi:10.1038/nature09659.
Th e  R i s k s  o f  M u l t i p l e  B re a d b a s ke t  Fa i l u re s  i n  t h e  2 1 s t  Ce n t u r y :  A  S c i e n c e  Re s e a rc h  A g e n d a
P A R D E E  C E N T E R  R E S E A R C H  R E P O R T      |      M A R C H  2 0 1 7      |  P A G E  1 9
Halle, Martin. 2016. “ERISC Phase II: How Food Prices Link Environmental Constraints to Sovereign 
Credit Risk.” Environmental Risk Integration in Sovereign Credit Analysis. UNEP.  
http://www.unepfi.org/fileadmin/documents/ERISC_Phase2.pdf.
Hanjra, Munir A., and M. Ejaz Qureshi. 2010. “Global Water Crisis and Future Food Security in an Era 
of Climate Change.” Food Policy 35 (5): 365–77. doi:10.1016/j.foodpol.2010.05.006.
Headey, Derek, and Shenggen Fan. 2008. “Anatomy of a Crisis: The Causes and Consequences of 
Surging Food Prices.” Agricultural Economics 39 (November): 375–91.  
doi:10.1111/j.1574-0862.2008.00345.x.
Helbing, Dirk. 2013. “Globally Networked Risks and How to Respond.” Nature 497 (7447): 51–59.
IPCC. 2014. “Climate Change 2014: Synthesis Report.” Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Geneva, Switzerland: Intergovernmental Panel on 
Climate Change. https://www.ipcc.ch/report/ar5/syr/.
Kelley, Colin P., Shahrzad Mohtadi, Mark A. Cane, Richard Seager, and Yochanan Kushnir. 2015. 
“Climate Change in the Fertile Crescent and Implications of the Recent Syrian Drought.” Proceedings 
of the National Academy of Sciences 112 (11): 3241–46. doi:10.1073/pnas.1421533112.
Kim, Son H., Jae Edmonds, Josh Lurz, Steven Smith, and Marshall Wise. 2006. “The O b j ECTS 
Framework for Integrated Assessment: Hybrid Modeling of Transportation.”  
The Energy Journal 27: 63–91.
Leakey, Andrew D. B., Elizabeth A. Ainsworth, Carl J. Bernacchi, Alistair Rogers, Stephen P. Long,  
and Donald R. Ort. 2009. “Elevated CO2 Effects on Plant Carbon, Nitrogen, and Water Relations:  
Six Important Lessons from FACE.” Journal of Experimental Botany 60 (10): 2859–76.  
doi:10.1093/jxb/erp096.
Leakey, Andrew D. B., Martin Uribelarrea, Elizabeth A. Ainsworth, Shawna L. Naidu, Alistair Rogers, 
Donald R. Ort, and Stephen P. Long. 2006. “Photosynthesis, Productivity, and Yield of Maize Are Not 
Affected by Open-Air Elevation of CO2 Concentration in the Absence of Drought.” Plant Physiology 
140 (2): 779–90. doi:10.1104/pp.105.073957.
Leclère, D., P. Havlík, S. Fuss, E. Schmid, A. Mosnier, B. Walsh, H. Valin, M. Herrero, N. Khabarov,  
and M. Obersteiner. 2014. “Climate Change Induced Transformations of Agricultural Systems: 
Insights from a Global Model.” Environmental Research Letters 9 (12): 124018.  
doi:10.1088/1748-9326/9/12/124018.
Lee, Ronald. 2011. “The Outlook for Population Growth.” Science 333 (6042): 569–73.  
doi:10.1126/science.1208859.
Lesk, Corey, Pedram Rowhani, and Navin Ramankutty. 2016. “Influence of Extreme Weather 
Disasters on Global Crop Production.” Nature 529 (7584): 84–87. doi:10.1038/nature16467.
Lobell, David B., and Christopher B. Field. 2007. “Global Scale Climate–crop Yield Relationships and 
the Impacts of Recent Warming.” Environmental Research Letters 2 (1): 14002.  
doi:10.1088/1748-9326/2/1/014002.
Th e  R i s k s  o f  M u l t i p l e  B re a d b a s ke t  Fa i l u re s  i n  t h e  2 1 s t  Ce n t u r y :  A  S c i e n c e  Re s e a rc h  A g e n d a
P A R D E E  C E N T E R  R E S E A R C H  R E P O R T      |      M A R C H  2 0 1 7      |  P A G E  2 0
Long, Stephen P., Elizabeth A. Ainsworth, Andrew D. B. Leakey, Josef Nösberger, and Donald R. 
Ort. 2006. “Food for Thought: Lower-Than-Expected Crop Yield Stimulation with Rising CO2 
Concentrations.” Science 312 (5782): 1918–21. doi:10.1126/science.1114722.
Lunt, Tobias, Aled W. Jones, William S. Mulhern, David P. M. Lezaks, and Molly M. Jahn. 2016. 
“Vulnerabilities to Agricultural Production Shocks: An Extreme, Plausible Scenario for Assessment of 
Risk for the Insurance Sector.” Climate Risk Management. Accessed August 1.  
doi:10.1016/j.crm.2016.05.001.
MacDonald, Graham K., Kate A. Brauman, Shipeng Sun, Kimberly M. Carlson, Emily S. Cassidy, 
James S. Gerber, and Paul C. West. 2015. “Rethinking Agricultural Trade Relationships in an Era of 
Globalization.” BioScience 65 (3): 275–89. doi:10.1093/biosci/biu225.
Maynard, T. 2015. “Food System Shock: The Insurance Impacts of Acute Disruption to Global Food 
Supply.” Lloyd’s of London. https://www.lloyds.com/~/media/files/news%20and%20insight/
risk%20insight/2015/food%20system%20shock/food%20system%20shock_june%202015.pdf.
Melillo, Jerry M., Terese Richmond, and Gary Yohe. 2014. “Climate Change Impacts in the  
United States: The Third National Climate Assessment.” U.S. Global Change Research Program.  
http://s3.amazonaws.com/nca2014/low/NCA3_Climate_Change_Impacts_in_the_United%20
States_LowRes.pdf?download=1.
Mendelson, Robert. 2011. “The Impact of Climate Change on Land.” In Climate Change and Land 
Policies, 62–88. Cambridge: Lincoln Institute of Land Policy. https://www.lincolninst.edu/pubs/
dl/2035_1357_LP2010-ch04-The-Impact-of-Climate-Change-on-Land.pdf.
National Academies of Sciences, Engineering, and Medicine. 2016. “Attribution of Extreme Weather 
Events in the Context of Climate Change.” Washington, D.C.: The National Academies Press.  
http://www.nap.edu/catalog/21852/attribution-of-extreme-weather-events-in-the-context-of-
climate-change.
Nelson, Gerald C., Hugo Valin, Ronald D. Sands, Petr Havlík, Helal Ahammad, Delphine Deryng, 
Joshua Elliott, et al. 2014. “Climate Change Effects on Agriculture: Economic Responses to 
Biophysical Shocks.” Proceedings of the National Academy of Sciences 111 (9): 3274–79.  
doi:10.1073/pnas.1222465110.
Nigatu, Getachew, and Mesbah Motamed. 2015. “Middle East and North Africa Region: An 
Important Driver of World Agricultural Trade.” Outlook AES-88. USDA Economic Research Service. 
http://www.ers.usda.gov/media/1869606/aes88.pdf.
Paltsev, S., J. Reilly, H. Jacoby, R. Eckaus, J. McFarland, M. Sarofim, M Asadoorian, and M. Babiker. 
2005. “The MIT Emissions Prediction and Policy Analysis (EPPA) Model: Version 4.” 125. JPSPGC. MIT. 
http://globalchange.mit.edu/files/document/MITJPSPGC_Rpt125.pdf.
Parry, M. L, C Rosenzweig, A Iglesias, M Livermore, and G Fischer. 2004. “Effects of Climate  
Change on Global Food Production under SRES Emissions and Socio-Economic Scenarios.”  
Global Environmental Change, Climate Change, 14 (1): 53–67. doi:10.1016/j.gloenvcha.2003.10.008.
Th e  R i s k s  o f  M u l t i p l e  B re a d b a s ke t  Fa i l u re s  i n  t h e  2 1 s t  Ce n t u r y :  A  S c i e n c e  Re s e a rc h  A g e n d a
P A R D E E  C E N T E R  R E S E A R C H  R E P O R T      |      M A R C H  2 0 1 7      |  P A G E  2 1
Porkka, Miina, Matti Kummu, Stefan Siebert, and Olli Varis. 2013. “From Food Insufficiency towards 
Trade Dependency: A Historical Analysis of Global Food Availability.” PLOS ONE 8 (12): e82714. 
doi:10.1371/journal.pone.0082714.
Prentice, Andrew M. 2006. “The Emerging Epidemic of Obesity in Developing Countries.” 
International Journal of Epidemiology 35 (1): 93–99. doi:10.1093/ije/dyi272.
Roberts, Michael, and Wolfram Schlenker. 2013. “Identifying Supply and Demand Elasticities of 
Agricultural Commodities: Implications for the US Ethanol Mandate.” The American Economic Review 
103 (6): 2265–95.
Ropelewski, C. F., and M. S. Halpert. 1989. “Precipitation Patterns Associated with the High Index 
Phase of the Southern Oscillation.” Journal of Climate 2 (3): 268–84.  
doi:10.1175/1520-0442(1989)002<0268:PPAWTH>2.0.CO;2.
Rosegrant, Mark W., Claudia Ringler, Siwa Msangi, Timothy Sulser, Tingju Zhu, and Sarah Cline. 
2012. “International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT).” 
Washington, D.C.: International Food Policy Research Institute.  
http://ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/12735.
Rosenzweig, C., J. W. Jones, J. L. Hatfield, A. C. Ruane, K. J. Boote, P. Thorburn, J. M. Antle, et al. 
2013. “The Agricultural Model Intercomparison and Improvement Project (AgMIP): Protocols 
and Pilot Studies.” Agricultural and Forest Meteorology, Agricultural prediction using climate model 
ensembles, 170 (March): 166–82. doi:10.1016/j.agrformet.2012.09.011.
Rosenzweig, Cynthia, Joshua Elliott, Delphine Deryng, Alex C. Ruane, Christoph Müller, Almut 
Arneth, Kenneth J. Boote, et al. 2014. “Assessing Agricultural Risks of Climate Change in the 21st 
Century in a Global Gridded Crop Model Intercomparison.” Proceedings of the National Academy of 
Sciences 111 (9): 3268–73. doi:10.1073/pnas.1222463110.
Ross, K. W., M. E. Brown, J. P. Verdin, and L. W. Underwood. 2009. “Review of FEWS NET Biophysical 
Monitoring Requirements.” Environmental Research Letters 4 (2): 24009.  
doi:10.1088/1748-9326/4/2/024009.
Schlenker, Wolfram, and Michael J. Roberts. 2009. “Nonlinear Temperature Effects Indicate Severe 
Damages to U.S. Crop Yields under Climate Change.” Proceedings of the National Academy of Sciences 
106 (37): 15594–98. doi:10.1073/pnas.0906865106.
Stern, Nicholas. 2016. “Economics: Current Climate Models Are Grossly Misleading.” Nature 530 
(7591): 407–9. doi:10.1038/530407a.
Suweis, Samir, Joel A. Carr, Amos Maritan, Andrea Rinaldo, and Paolo D’Odorico. 2015. “Resilience 
and Reactivity of Global Food Security.” Proceedings of the National Academy of Sciences, May, 
201507366. doi:10.1073/pnas.1507366112.
Teixeira, Edmar I., Guenther Fischer, Harrij van Velthuizen, Christof Walter, and Frank Ewert. 2013. 
“Global Hot-Spots of Heat Stress on Agricultural Crops due to Climate Change.” Agricultural and 
Forest Meteorology, Agricultural prediction using climate model ensembles, 170 (March): 206–15. 
doi:10.1016/j.agrformet.2011.09.002.
Th e  R i s k s  o f  M u l t i p l e  B re a d b a s ke t  Fa i l u re s  i n  t h e  2 1 s t  Ce n t u r y :  A  S c i e n c e  Re s e a rc h  A g e n d a
P A R D E E  C E N T E R  R E S E A R C H  R E P O R T      |      M A R C H  2 0 1 7      |  P A G E  2 2
Thornton, Philip K., Polly J. Ericksen, Mario Herrero, and Andrew J. Challinor. 2014. “Climate 
Variability and Vulnerability to Climate Change: A Review.” Global Change Biology 20 (11): 3313–28. 
doi:10.1111/gcb.12581.
Tubiello, Francesco N., Jean-François Soussana, and S. Mark Howden. 2007. “Crop and Pasture 
Response to Climate Change.” Proceedings of the National Academy of Sciences 104 (50): 19686–90. 
doi:10.1073/pnas.0701728104.
UK-US Taskforce on Extreme Weather and Global Food System Resilience. 2015. “Extreme Weather 
and Resilience of the Global Food System.” UK: The Global Food Security Programme.  
http://www.foodsecurity.ac.uk/assets/pdfs/extreme-weather-resilience-of-global-food-system.pdf.
United Nations. 2015a. “World Population Prospects: The 2015 Revision.” New York: Department of 
Economics and Social Affairs, Population Division.  
https://esa.un.org/unpd/wpp/Publications/Files/Key_Findings_WPP_2015.pdf.
United Nations. 2015b. “World Urbanization Prospects: The 2014 Revision.” Department of 
Economics and Social Affairs, Population Division.  
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf.
Valdes, Alberto, and William Foster. 2012. “Net Food-Importing Developing Countries.”  
Geneva, Switzerland: International Centre for Trade and Sustainable Development.  
http://www.ictsd.org/downloads/2012/08/net-food-importing-developing-countries-who-they-are-
and-policy-options-for-global-price-volatility.pdf.
Verdin, James, Chris Funk, Gabriel Senay, and Richard Choularton. 2005. “Climate Science and 
Famine Early Warning.” Philosophical Transactions of the Royal Society of London B: Biological Sciences 
360 (1463): 2155–68. doi:10.1098/rstb.2005.1754.
Vervoort, Joost M., Philip K. Thornton, Patti Kristjanson, Wiebke Förch, Polly J. Ericksen, Kasper Kok, 
John S. I. Ingram, et al. 2014. “Challenges to Scenario-Guided Adaptive Action on Food Security 
under Climate Change.” Global Environmental Change 28 (September): 383–94.  
doi:10.1016/j.gloenvcha.2014.03.001.
Whitcraft, Alyssa K., Inbal Becker-Reshef, and Christopher O. Justice. 2015. “A Framework for 
Defining Spatially Explicit Earth Observation Requirements for a Global Agricultural Monitoring 
Initiative (GEOGLAM).” Remote Sensing 7 (2): 1461–81. doi:10.3390/rs70201461.
Zaks, David P. M., and Christopher J. Kucharik. 2011. “Data and Monitoring Needs for a More 
Ecological Agriculture.” Environmental Research Letters 6 (1): 14017.  
doi:10.1088/1748-9326/6/1/014017.

67 Bay State Road tel  +1  617.358.4000 www.bu.edu/pardee
Boston MA  02215 pardee@bu.edu  @BUPardeeCenter
USA 
The Frederick S. Pardee Center
for the Study of the Longer-Range Future
ISBN  978-1-936727-14-8
